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Abstract
We consider the possibility that the Higgs boson can act as a link to a hidden sector
in the context of pure-glue hidden valley models. In these models the standard model
is weakly coupled, through loops of heavy messengers fields, to a hidden sector whose
low energy dynamics is described by a pure-Yang-Mills theory. Such a hidden sector
contains several metastable hidden glueballs. In this work we shall extend earlier results
on hidden valleys to include couplings of the messengers to the standard model Higgs
sector. The effective interactions at one-loop couple the hidden gluons to the standard
model particles through the Higgs sector. These couplings in turn induce hidden glueball
decays to fermion pairs, or cascade decays with multiple Higgs emission. The presence
of effective operators of different mass dimensions, often competing with each other,
together with a great diversity of states, leads to a great variability in the lifetimes and
decay modes of the hidden glueballs. We find that most of the operators considered in
this paper are not heavily constrained by precision electroweak physics, therefore leaving
plenty of room in the parameter space to be explored by the future experiments at the
LHC.
Contents
1 Introduction 2
2 The model and the effective action 5
2.1 Matrix elements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
3 Decay rates 9
3.1 V-glueball decays by dimension-six operators . . . . . . . . . . . . . . . . . . . 9
3.2 V-glueball decays by dimension-eight operators . . . . . . . . . . . . . . . . . 13
3.3 Summary of decays . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
4 Constraints on new physics 16
4.1 Direct searches . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
4.2 Electroweak oblique corrections . . . . . . . . . . . . . . . . . . . . . . . . . . 19
5 Numerical analysis 23
5.1 Decay patterns of v-glueballs . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
5.2 Lifetimes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
5.3 Uncolored X particles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
5.4 Uncertainties in the v-glueball matrix elements . . . . . . . . . . . . . . . . . . 30
6 Other extensions 31
6.1 2HDM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
6.2 Models of explicit CP violation . . . . . . . . . . . . . . . . . . . . . . . . . . 33
7 Conclusions 35
A Computation of L(6)eff 37
B Classification of v-sector operators 39
C The form factors M(i)JJ ′ 40
1
1 Introduction
In view of the construction of the Large Hadron Collider (LHC) and its detectors, there have
been major efforts to develop ideas for what physics may lie beyond the standard model (SM).
This work is often motivated by a number of problems that still remain unsolved such as the
hierarchy problem, baryogenesis and the origin of dark matter, among others. Nevertheless,
it is also possible that new physics is unrelated to the above phenomena and may show up in
a way that is not predicted by existing theories. To ensure that such a physics does not go
undiscovered requires precise understanding of how new physics will reveal itself in the next
particle-physics experiments. Therefore, it is prudent to explore other approaches to studying
new theories, with an emphasis in models with varied experimental signatures.
The hidden valley scenario [1, 2, 3, 4, 5, 6] has been proposed as an interesting example of
physics beyond the SM that can profoundly affect future experiments at the LHC. A hidden
valley refers to any new sector (“v-sector”) that is added to the SM with its own particles
and interactions, neutral under the SM. A mass gap ensures that not all the particles in
the v-sector decay to extremely-light, invisible particles. However, they can decay through
the very weak interactions to the SM, often producing visible signals. Hidden valleys can
lead to interesting and unexpected collider phenomenology, including hidden states decaying
macroscopic distances away from the primary interaction vertex, or unusual final states with
a high multiplicity of SM particles; see for example [1, 2, 6].
Hidden valleys have arisen in bottom-up models such as the twin-Higgs and folded-SUSY
models [7, 8] that attempt to address the hierarchy problem, and in a recent attempt to ex-
plain the various anomalies in dark-matter searches [9]. They are also motivated by string
compactifications: hidden sectors that are candidate hidden valleys often arise in many phe-
nomenological string theory models which aim to come as close as possible to the minimal
supersymmetric standard model, but typically have extra vector-like matter and extra gauge
groups, see for example [10].
So far various realizations of hidden valleys have been proposed, which can be generally
categorized according to the matter content in the v-sector and the mechanism which com-
municates the interactions between the two sectors. An interesting class of hidden valleys is
obtained by adding to the SM a v-sector which at low energy is a pure-Yang-Mills theory
with gauge group Gv, a theory that has its own gluons (“v-gluons”) and their bound states
(“v-glueballs”) [11]. In addition, the model contains some heavy matter fields Xr, charged
under both Gv and SM gauge group, mediating the interaction between the SM and the v-
sector. Such states are called quirks in analogy to traditional quarks1. Without additional
massless flavors in the v-sector, the gauge group Gv is confining and the dynamics of the
v-sector will develop a mass gap, slightly larger than the confining scale Λv where the Gv cou-
pling gets strong. This scenario easily arises in many supersymmetric models with extended
gauge groups beyond the standard model; for example, in many supersymmetric v-sectors,
1Quirks were considered long ago [29, 30]; some of their very interesting dynamics have been studied in
[1, 31].
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supersymmetry breaking may lead to large masses for all matter fields.
The spectrum of a pure Yang-Mills theory has been studied on the lattice for the case of
a SU(3) gauge group [12]. These results are shown in figure 1. The spectrum of stable bound
states includes several glueballs with different quantum numbers JPC. Some of these glueballs
have been studied in some detail in various contexts; see for example [13, 14, 15, 16, 17, 18, 19]
and a recent review [20]. The masses of the v-glueballs are determined by the confinement
scale Λv or, equivalently, the string tension σ through the relationship m0++ ≈ 7Λv ≈ 3.7σ.
For general SU(nv) gauge group, the leading large nv corrections to the glueball masses are
of order 1/n2v. Therefore, we expect that the mass ratios in the general SU(nv) case will not
differ substantially from the mass ratios shown in figure 1 for nv = 3. All of the v-glueballs
shown are stable against decays to the other v-glueballs, due to kinematics and/or conserved
quantum numbers.
The v-glueballs are non-interacting with the SM particles, except for higher dimension
operators in the effective Lagrangian induced by the heavy mediators Xr. In this work, we
will focus on the possibility of operators between the v-sector and the Higgs sector (also
referred to as the Higgs portal),
1
MD−4
OD−ds (H†, H)O(d)v (1.1)
where H is the standard model Higgs doublet; M is a heavy mass scale, associated with the
masses of the heavy mediator fields. Here we have split the dimension-D operator into a
Standard-Model part O(D−d)s of dimension D − d and a hidden-valley part O(d)v of dimension
d. The O(d)v are constructed from gauge invariant combinations of v-gluon fields such as tr F2
or tr F3, while the O(D−d)s involve gauge invariant operators built out of the Higgs field, such
as H†H or H†DµH . We will see that the lowest order term is given by the dimension-six
operators of the form H†H tr F2. With some exceptions to be discussed below, most of the v-
glueballs in figure 1 can decay via the Higgs portal interaction (1.1), with a strong dependence
of the lifetimes on the confinement scale Λv and the mass scale M .
Loops of the heavy particles also induce dimension-eight effective interactions coupling
the v-gluons to the standard model gauge bosons, either of the form tr F 2i tr F2 or F1 tr F3
where Fi (F) is the field strength tensor for standard model (hidden-valley) gauge bosons.
The field strength tensors are contracted according to different irreducible representations of
the Lorentz group. A detailed study of the phenomenology of these operators in the context
of hidden valleys was carried out in [11]. In this case the v-glueball widths are dominated by
decays into SM gauge-boson pairs, or radiative decays to another v-glueball and a photon (or
to a lesser extent a Z boson), leading to jet and photon rich final states.
In this paper, we will first extend the results of [11] on v-glueball decays in pure-Yang-Mills
theory to allow for higher dimension interactions of the form (1.1). We will need to compute
the effective Lagrangian coupling the v-gluons to the Higgs sector. Then we will use it to find
formulas for the decay widths of the states in the spectrum shown in figure 1. Specifically, we
will find that the 0++ state can decay via the Higgs portal to standard model particles with
branching ratios which are determined by the couplings of the standard model Higgs boson.
3
Other states can decay to a lighter state by emission of a Higgs boson. For v-glueball states
which can decay either through dimension-eight operators or through the emission of a Higgs
boson the situation is rather involved, with the relative branching ratios depending on the
various parameters and the unknown v-glueball matrix elements.
Our primary motivation here is in the case where the lifetimes are short enough that at
least a few v-glueball decays can be observed at the LHC detectors. This typically requires
the lifetimes of the hidden particles to be shorter than a few micro-seconds, if the production
cross-section is substantial. The key point in our scenario is that with different operators
describing the decays, often competing with each other, we typically find a large spread in the
lifetimes of the v-glueballs, even after all the parameters have been fixed. Then there is no
necessity to adjust any parameter to obtain short lifetimes.
Incidentally, our results are also relevant for studies of dark matter, either in the case of self-
interacting dark matter [21], where the v-glueballs would be the dark matter candidates, or
indirectly, in a recent attempt to study scenarios of dark matter with novel signatures [22, 23].
Figure 1: Spectrum of stable glueballs in pure glue SU(3) theory [12]. Masses are shown in
units of the lightest v-glueball mass m0.
This work is organized as follows. In section 2, we introduce our model and describe the
effective interactions coupling the two sectors. We also classify the matrix elements. Section
3 presents our computation of the decay modes. Section 4 is devoted to a summary of the
different experimental constraints on the parameters of the model. Then in section 5 we present
our numerical estimates for the branching ratios. Possible generalizations of the model are
described in section 6. Finally, we conclude in section 7 with a brief summary of our results
and some comments. Additional computations appear in the appendix.
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2 The model and the effective action
We first set up our framework and conventions. The generic scenario of hidden valleys with a
pure-gauge hidden sector can be characterized as follows [1, 11],
• The SM is extended by the addition of an extra SU(nv) gauge group, with a mass scale
scale m0 in the 1− 1000 GeV range. We will refer to this sector as the hidden valley, or
briefly the v-sector. There are no light flavours in the v-sector, so after confinement the
lightest states in the spectrum are bound states of v-gluons, or v-glueballs.
• There are heavy vector-like particles Xr (“mediators”) that couple the v-sector very
weakly to the visible sector at low energies. For definiteness, we will take the Xr to
transform as a fundamental representation of SU(nv) and in complete SU(5) represen-
tations of the standard model. We label the fields and their masses as shown in table
1. Also, for convenience, we define dimensionless parameters ρr = mr/M where M is an
arbitrarily chosen mass scale, usually taken as the mass of the lightest Xr particle
2.
Field SU(3) SU(2) U(1) SU(nv) Mass
Xd¯ 3 1
1
3
nv md¯
Xℓ 1 2 −12 nv mℓ
Xu¯ 3¯ 1 −23 nv mu¯
Xq 3 2
1
6
nv mq
Xe 1 1 1 nv me
Table 1: The new fermions Xr that couple the hidden valley sector to the SM sector.
In addition, we assume that the mediators Xr can get part of their mass from electroweak
symmetry breaking through Yukawa-like interactions. For concreteness, we consider the fol-
lowing Lagrangian (in four-component Dirac notation),
Lmass =
∑
r=d¯,l,u¯,q,e¯
mrX¯rXr +
(
ylX¯lHXe¯ + yuX¯qH˜Xu + ydX¯qHXd + h.c.
)
(2.1)
where H˜ = ǫ ·H†. For the moment, we will restrict ourselves to the case in which the Yukawa
couplings conserve both C and P independently. In general one or more of the Yukawa
couplings could be CP -violating. This CP violation can contribute new terms to the effective
action and can induce additional v-glueball decays, as will be discussed in section 6.
There are several constraints on the couplings yr and the mass scale M from precision
electroweak measurements. These constraints will be discussed in some detail in section 4.
2In this work, we normalize hypercharge as Y = Q− T3, where T3 is the third component of weak isospin.
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We require that yr . 1 and M & 250 GeV in order to avoid potentially dangerous corrections
to precision electroweak bounds. A high mass scale is in any case necessary to avoid current
experimental bounds from collider searches for extra particles.
We are concerned with the low-energy effective theory of the model described above. The
effective interaction that couples the v-gluons and v-glueballs to the SM particles is induced
through a loop of X particles. The coupling between the Higgs sector and the v-sector to
non-vanishing leading order in 1/M at low energies arises from a diagram with four external
lines, as depicted in figure 2a. This gives rise to the dimension-six operator
L(6) = αv y
2
3πM2
H†H tr FµνFµν (2.2)
where αv is the SU(nv) coupling, Fµν is the v-gluon field strength tensor3. The coefficient
y depends on the mass ratios of the heavy particles from table 1 and their couplings to the
Higgs field. It is given by
y2 ≡ y
2
l
ρlρe
+
3y2d
ρqρd¯
+
3y2u
ρqρu¯
. (2.3)
The computation of (2.2) is presented in appendix A. Note that (2.2)-(2.3) are strictly valid
in the βr ≡ y2rv2H/2M2 ≪ 1 limit; otherwise, the corrections to these equations can be readily
obtained by the substitutions ρrρr′ → ρrρr′ − βr in (2.3). Once the Higgs gets an expecta-
tion value, the following interaction terms are induced between the v-sector and the physical
standard model Higgs boson (h),
L(6) = αv y
2
3πM2
vH h tr FµνFµν + αv y
2
3πM2
h2
2
tr FµνFµν (2.4)
where vH = 246 GeV is the Higgs vacuum expectation value
4.
H
H†
v
v
SM
SM
SM
v
v
v
v
v
X X
X
(a) (b) (c)
Figure 2: Diagrams contributing to the effective action
While dimension-six operators are only suppressed by two powers of the mass scale M ,
further suppression can arise if the operators are suppressed by small coupling y. This requires
us to consider effective operators of dimension higher than six as well.
3Here we represent the v-gluon fields as Fµν = FaµνT a, where T a denote the generators of the SU(nv)
algebra with a common normalization tr T aT b = 12δ
ab.
4In (2.4), we have not included a term which is proportional to the v-gluon kinetic term. This term can be
removed by redefining the v-gluon coupling.
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The next operators have D = 8, and they describe the coupling of the two v-gluons to two
SM gauge bosons (figure 2b), either gluons (g), weak bosons (W and Z) or photons (γ), as well
as the fusion of three v-gluons into a γ or Z (figure 2c). Within the SM, effective two gluon -
two photon, four gluon, and three gluon - photon vertices can be found in [24], [25] and [26]
respectively. They were also extensively discussed in a preceding work [11]. The pure-gauge
effective Lagrangian linking the SM sector with the v-sector reads (for our conventions see
Appendix B)
L(8) = g
2
v
(4π)2M4
[
g21χ1B
µνBρσ + g22χ2tr F
µνF ρσ + g23χ3tr G
µνGρσ
]
×
(
1
60
S gµρgνσ +
1
45
P ǫµνρσ +
11
45
Tµρgνσ − 1
30
Lµνρσ
)
+
g3vg1
(4π)2M4
χ
(
14
45
BµνΩ(1)µν −
1
9
BµνΩ(2)µν
)
. (2.5)
Here we define F 1µν ≡ Bµν , F 2µν ≡ Fµν and F 3µν ≡ Gµν , which are the field tensors of the U(1)Y ,
SU(2) and SU(3) SM gauge groups. We denote their couplings gi, i = 1, 2, 3, while gv is the
coupling of the new group SU(nv). The coefficients χi and χ encode the masses of the heavy
particles from table 2 and their couplings to the SM gauge bosons and the Higgs doublet.
They are summarized in table 2. The d = 4 operators (S, P , T , L) involve bilinear tr FF
operators whereas the d = 6 operators (Ω(1), Ω(2)) involves trilinears of the form tr FFF (see
Appendix B).
χ , χi
χ1
1
3ρ4
d¯
+ 1
2ρ4
l
+ 4
3ρ4u¯
+ 1
6ρ4q
+ 1
ρ4e
χ2
1
ρ4
l
+ 3
ρ4q
χ3
1
ρ4
d¯
+ 1
ρ4u¯
+ 2
ρ4q
χ 1
ρ4
d¯
− 1
ρ4
l
− 2
ρ4u¯
+ 1
ρ4q
+ 1
ρ4e
Table 2: The coefficients χ arise from a sum over the SM charges of X particles running in the loop.
The χi, i = 1, 2, 3, arise from the diagram in figure 2(b) with two external SM gauge bosons of group
i, while χ is determined by the diagram 2(c) with a single hypercharge-boson on an external line.
Here ρr = mr/M .
We will not consider operators of dimension 8 containing both gauge-boson fields and the
Higgs field, as well as dimension-ten or higher operators, since their effects are suppressed by
extra powers of M and/or y.
The interactions in the effective action then allow the v-glueballs that cannot decay within
the v-sector to decay to final states with SM particles and at most one v-glueball. This is
similar to the weak decays of hadrons, such as π+ → lν, n→ pνee−, and so forth, where the
7
Fermi effective interaction allows otherwise stable hadrons to decay into leptons. To compute
these decays, we will only need the following factorized matrix elements5:
〈SM |O(D−d)s |0〉〈0|O(d)v |Θκ〉 , (2.6)
〈SM |O(D−d)s |0〉〈Θκ′|O(d)v |Θκ〉. (2.7)
Here d is the mass dimension of the operator in the v-sector, 〈SM | schematically represents
a state built from Standard Model particles, and |Θκ〉 and |Θκ′〉 refer to v-glueball states
with quantum numbers κ, which include spin J , parity P and charge-conjugation C. The
SM part 〈SM |O(D−d)s |0〉 can be evaluated by the usual perturbative methods of quantum field
theory, but a computation of the hidden-sector matrix elements 〈0|O(d)v |Θκ〉 and 〈Θκ′|O(d)v |Θκ〉
requires the use of non-perturbative methods.
2.1 Matrix elements
We wish to classify the non-vanishing v-sector matrix elements of the scalar operator S ≡
tr FµνFµν in (2.2). As we saw, the matrix elements relevant to v-glueball transitions are given
by 〈0|S|Θκ〉 and 〈Θκ′|S|Θκ〉, where Θκ and Θκ′ refer to v-glueball states with given quantum
numbers.
It is convenient to write the most general possible matrix elements in terms of a few Lorentz
invariant amplitudes or form factors. The decomposition of S into irreducible representations
of the Lorentz group contains only the 0++ quantum numbers [28]. This allows the 0++ state
to decay directly to standard model particles. For the annihilation matrix element of the 0++
v-glueball, we will write
〈0|S|0++〉 ≡ FS
0+
(2.8)
where FS
0+
is the 0++ decay constant.
Likewise, we can consider the transition matrix elements of the operator S between a spin
J state with momentum p and a spin J ′ state with momentum q. For the moment we make
no assumptions about the parity or charge conjugation quantum numbers of the states. Of
course, if we impose parity some of the transitions may be forbidden. The matrix elements
can be compactly written as
〈J ′|S|J〉 ≡
∑
i
M(i)JJ ′ MS(i)JJ′ (2.9)
where now M
S(i)
JJ′
is the transition matrix, which depends on the transferred momentum, and
M(i)JJ ′ is determined by the Lorentz representations of |J〉 and |J ′〉. In Appendix C we have
listed M(i)JJ ′ for the simplest cases considered later in this work.
5As mentioned in the introduction, decays with no SM particles in the final state are forbidden because of
kinematics and/or conserved quantum numbers.
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The main uncertainties in the study of decays of the v-glueballs stem from the evaluation
of the transition matrix elementsM
S(i)
JJ′
which at present are unknown. Many of these could be
in principle be determined by additional lattice computations. In spite of these uncertainties,
we will still be able to obtain many interesting and robust results.
3 Decay rates
An interesting feature of the model described above is that it has a spectrum of v-glueballs
which can interact very weakly with the particles in the standard model through effective
operators of different mass dimensions. The dimension-six operator, as we see below, permits
the v-glueballs to decay directly into standard model particles (the 0++) or radiatively by
emitting a Higgs boson (the 2++, 2−+, 3++, 3+−, 2+−, 0+−, 1−−, 2−−, 3−−). On the other
hand, dimension-eight operators contribute with additional decay modes. As shown in [11],
these include direct annihilations into SM gauge-boson pairs (the 0++, 2++, 0−+ and 2−+) or
C-changing radiative transitions with emission of a photon or a Z boson (all others).
In this section, we will compute the decay rates for most of the v-glueballs in figure 1.
We will first present our results for the v-glueball decays induced by dimension-six operators
given in (2.2). Then we will make a quick review of the results of [11] for dimension-eight
operators that are relevant for our work.
3.1 V-glueball decays by dimension-six operators
We begin with the 0++ v-glueball, which can be created by the operator S. The dimension-six
coupling leads to 0++ → ζζ annihilations, where ζ denote any of the final states of the Higgs
boson. Above the threshold for Higgs boson pair production, the 0++ → hh decay can also
proceed with a sizeable rate. Other decay modes induced by dimension-six couplings include
processes of the form Θκ → Θκ′h, where Θκ, Θκ′ denote two v-glueballs with given quantum
numbers. As an example of a Higgs-radiative decay, we will present the computation of the
2++ → 0++h decay with some detail. Then we will consider the general case Θκ → Θκ′h for
v-glueballs with arbitrary quantum numbers. In the end, we make some comments on the 0−+
and 1+− v-glueballs, which are the only ones that are not permitted to decay via dimension-six
operators.
Annihilation of the 0++ state
The scalar state can be created or destroyed by the S operator. Then, the effective interaction
(2.2) allows the decay of the 0++ state via s-channel Higgs-boson exchange 0++ → h∗ → ζζ ,
where ζ collectively denotes a standard model particle. According to (2.2), the amplitude for
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this decay reads
y2 αv
3πM2
〈ζζ |mf f¯ f +m2ZZµZµ + 2m2WW+µ W µ−| 0〉
1
m2H −m20
〈0|S|0++〉 (3.1)
where αv = g
2
v/(4π) and mH is the Higgs mass. The width of the decay is given by
Γ0++→ζζ =
(
y2 vH αv F
S
0+
3πM2(m2H −m20)
)2
ΓSMh→ζζ(m
2
0+) (3.2)
where FS
0+
≡ 〈0|S|0++〉 is the 0++ decay constant. Here ΓSMh→ζζ(m20+) is the width for the decay
h→ ζζ for a standard model Higgs boson with a mass m0+ . Then, formula (3.2) implies that
the branching ratios of the 0++ are those of the SM Higgs boson in the range of mass of
interest. Expressions for the branching ratios and full width of the Higgs boson can be found
in the literature, for masses ranging from a few MeV up to 1 TeV (for a review, see [27]).
Although these are standard model tree-level results, we should also remark that the
range of validity of (3.2) is beyond the simple perturbative QCD domain. For masses below
2 − 3 GeV, the 0++ v-glueball can decay into a pair of hadrons via its interaction with two
gluons through a top-quark loop or its interaction with quarks. The hadronization of these
quarks and gluons is a rather complex and non-perturbative process. However, the branching
ratios are still given by (3.2), with ζ now running over the possible hadrons in the final states,
such as π, K, and so forth.
If m0+ > 2mh, the decay channel 0
++ → hh opens up and the partial width is given by
Γ0+→hh =
1
32πm0+
(
y2 αv F
S
0+
3πM2
)2(
1 +
3m2H
(m20+ −m2H)
)2 [
g(m2H , m
2
H ;m
2
0+)
]1/2
(3.3)
where g(x, y; z) ≡ (1− x/z − y/z)2− 4xy/z2. The off-shell decays 0++ → h∗h and 0+ → h∗h∗
are also possible in the intermediate mass range. However, these channels receive an extra
suppression from the smaller available phase space, so it is reasonable to expect they will have
little effect on the full 0++ width.
As m0+ becomes larger than 2mt and 2mH , we have the following approximate relationship
among the dominant decay rates
ΓW+W− : ΓZZ : Γhh : Γtt¯ = 2 : 1 : 1 : 3 xt
√
1− xt (3.4)
where xt = 4m
2
t/m
2
0+ .
An example of Higgs-radiative decays: the 2++ → 0++h case
As an illustration of the computation of the decay rates for transitions with the emission of
Higgs boson, let us first consider in some detail the decay of the 2++ v-glueball. Contrarily
to the 0++, direct annihilation of the 2++ v-glueball into Higgs bosons would require an
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operator in the effective action of dimension D = 8, and is hence negligible. Instead, for
m2+ −m0+ > mH , the S operator induces the 2++ → 0++h decay. In a parton-model picture,
one may imagine this process as being caused by the radiative emission of a Higgs boson
through gv → gvh, with one spectator v-gluon going to the final state. The amplitude of this
two-body decay is given by
y2 αv
3πM2
〈h|h|0〉〈0++|S|2++〉 = y
2
3πM2
MS
0+2+
ǫµνq
µqν (3.5)
where qµ is the momentum of the 0++ and ǫµν the polarization of 2
++. Here MS0+2+ denotes
the transition matrix element defined by MS0+2+ǫµνq
µqν = 〈0++|S|2++〉; for simplicity we have
assumed it is independent of the transferred momentum. The corresponding width of the
decay reads
Γ =
y4 α2v
480π(3π)2M4
m32+
[
g(m20+ , m
2
H ;m
2
2+)
]5/2
(MS
0+2+
)2. (3.6)
If the 2++ is not heavy enough, m2+−m0+ < mH , it can decay to the 0++ and SM particles
through the emission of an off-shell Higgs. The corresponding amplitude for the three-body
decay 2++ → 0++ζζ is
y2αv
3πM2
〈ζζ |mf f¯f +m2ZZµZµ + 2m2WW+µ W µ−| 0〉
1
k2 −m2H + iΓSMh mH
〈0++|S|2++〉 (3.7)
where k2 is the transferred momentum. The width is given by
Γ2++→0++ζζ =
m32+(M
S
0+2+
)2
160π2
(
y2 αvvH
3πM2
)2 ∫
dm212
[
g(m20+ , m
2
12;m
2
2+)
]5/2
ΓSMh→ζζ(m12)
(m212 −m2H)2 + (ΓSMh )2m2H
(3.8)
where the limits of integration are set by available phase space.
Higgs-radiative decays. General case J → J ′h
We now consider the 2-body decays ΘJ → ΘJ ′ h, in which ΘJ , ΘJ ′ are v-glueballs with spin
J , J ′ respectively. For the moment, we make no reference to the parity of the v-glueballs
and proceed generally. Parity conservation will force some of the matrix elements to be zero.
Making use of the general formulas for the matrix elements (A-23)-(A-30), we arrive at the
decay rate
Γ
(i)
J→J ′h(m
2
H) =
y4 v2h α
2
v
16π(3π)2M4mJ (2J + 1)
|MS
J,J′|2 Γ(i)JJ ′
[
g(m2J ′, m
2
H ;m
2
J)
]1/2
(3.9)
where i runs over the various form factors. The coefficients Γ
(i)
JJ ′ are dimensionless functions
of the masses and depend on the angular momentum transfer associated with each transition.
They are summarized in table 3.
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i 1 2 3 4 5
Γ
(i)
32
x
15
(4x2 + 28x+ 35) 4x
3
15
(x+ 2) 4x
5
15
2x2
15
(2x+ 7) 4x
4
15
Γ
(i)
31
2x2
15
(3x+ 7) 2x
4
5
8x3
15
- -
Γ
(i)
30
2x3
5
- - - -
Γ
(i)
22
1
9
(4x2 + 30x+ 45) x
2
18
(8x+ 17) 4x
4
9
x
2
(x+ 5) x
3
2
Γ
(i)
21
x
3
(2x+ 5) 2x
3
3
x2 - -
Γ
(i)
20
2x2
3
- - - -
Γ
(i)
11 x+ 3 x
2 2x - -
Γ
(i)
10 x - - - -
Table 3: The coefficients Γ
(i)
JJ ′ arise from the average of the squared matrix elements. We denote
x =
m2
J
4m2
J′
g(m2J ′, m
2
H ;m
2
J). The dashes denote those cases where form factors are absent.
Below the threshold for Higgs boson production, the decay rate for the 3-body decay
ΘJ → ΘJ ′ ζζ reads,
ΓJ→J ′ζζ =
1
π
∫
dm212m12Γ
(i)
J→J ′h(m12)
1
∆(m212, m
2
H)
ΓSMh→ζζ(m12). (3.10)
where ∆(m212, m
2
H) = (m
2
12 −m2H)2 +m2H(ΓSMh )2. The integration automatically includes the
case where the radiated Higgs boson can be close to onshell.
Some of the transitions may be parity-forbidden (e.g. 0−+ → 1+−h). However, it is a
straightforward exercise to check that for each v-glueball Θκ in figure 1 , there exists at least
one other v-glueball Θκ′ such that the transition Θκ → Θκ′h is allowed, with a rate which is
given by (3.9)-(3.10). The only exceptions are the 0+− and 1+− v-glueballs that we discuss
next.
Decays of the pseudoscalar and pseudovector
The only states that are not allowed to decay via dimension-six operators are the 1+− and the
0−+ v-glueballs.
Since the 1+− state is the lightest state in the C-odd sector, it necessarily has to decay to
a v-glueball of opposite C. One possibility is that the 1+− decays by radiatively emitting a
Higgs boson (e.g. 1+− → 0−+h). However, this decay mode would violate C and, hence, is
forbidden.
A second way to induce decays of the 1+− v-glueball would be via its coupling to the
hypercharge current H†DµH . In this case, there are three v-sector operators that can be
12
contracted with H†DµH , namely,
tr FαβDµFαβ, tr FαβDβFαµ, tr FµβDαFαβ. (3.11)
However, one can see that these operators cannot induce C-changing transitions. First, notice
that classically tr FαβDµFαβ = 12∂µtr FαβFαβ. As explained in [28], this implies that the
transitions induced by the first operator in (3.11) are not new. They are just the same ones
created by the operator S. Likewise, using equations of motion and conservation of the energy-
momentum tensor, the second operator in (3.11) can be related to a total derivative of the
operator S. Finally, equations of motion also imply that the last operator in (3.11) vanishes
identically. Therefore, up to operators of total mass dimension six, the 1+− state is stable. In
the next subsection, we shall see that dimension-eight operators can induce photon-radiative
decays of the 1+− v-glueball to C-even v-glueballs.
On the other hand, C-invariance by itself would allow the Higgs-radiative transition 0−+ →
0++h. However, this decay could not conserve both angular momentum and parity P : since
the initial state is 0−, angular momentum conservation requires the orbital angular momentum
of the 0+ and h final state to be L = 0, which in turn requires total parity P = +1, rather
than P = −1 as demanded by parity conservation. This decay mode is thus forbidden. This
is analogous to the way that the η meson strong interaction mode η → ππ is forbidden in the
SM. A similar argument shows that the three-body decay 0−+ → 0++hh is not permitted. In
this case, the corresponding η → πππ decay is allowed in the SM because, contrary to the 0++
and h, the pions have intrinsic parity −1. As we will see in section 6, this line of argument
alters if we relax our assumptions and allow for P -violating couplings.
3.2 V-glueball decays by dimension-eight operators
The operators in the effective action (2.5) induce decays for all of the v-glueball states in figure
1. The lightest states in the C-even sector (the 0++, 2++, 0−+ and 2−+) can directly decay
to pairs of standard model gauge bosons (gg, γγ, ZZ, WW or γZ) via the S, P , T and L
operators. All other states can decay by radiatively emitting a photon or, to a lesser extent,
a Z boson, via the d = 6 D = 8 operators Ωµν . Here we briefly summarize the results of [11]
concerning the computation of the decay rates induced by D = 8 operators.
In order to retain simplicity, we will often assume, in the subsequent discussion, the X
fields form approximately degenerate multiplets of SU(5), i.e. ρr ≈ 1. When there is a large
hierarchy between the colored and the uncolored X particles, ρd¯ ≫ ρl = ρe and ρu¯ ≈ ρq ≫ ρe,
the decay pattern becomes slightly more complicated because the decay channels into γγ, γZ,
ZZ and WW may all play a role and even dominate in some regions of the parameter space.
We will make some comments later in this paper on some of the interesting phenomenology
that arises in this regime.
For the decay of the 0++, 2++, 0−+ and 2−+ v-glueballs into gluons we have the following
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rates,
Γ(0+ → gg) = α
2
sα
2
v
2πM8
χ23
(
1
60
)2
m30+(F
S
0++
)2. (3.12)
Γ(2+ → gg) = α
2
sα
2
v
20πM8
χ23m
3
2+
[
1
2
(
11
45
)2
(FT
2++
)2 +
4
3
(
1
30
)2
(FL
2++
)2
]
, (3.13)
Γ(0− → gg) = α
2
sα
2
v
2πM8
χ23
(
2
45
)2
m30−(F
P
0−+
)2 (3.14)
Γ(2− → gg) = α
2
sα
2
v
15πM8
χ3
2m32−
(
1
30
)2
(FL
2−+
)2 (3.15)
where αs = g
2
3/(4π) is the QCD coupling constant and the coefficient χ3 is given in table 2.
Of great interest is the branching fraction into two photons,
Γ(Θ→ γγ)
Γ(Θ→ gg) =
1
2
α2
α2s
χ2γ
χ23
(3.16)
for Θ = 0++, 2++, 0−+, 2−+. Here α is the fine structure constant and χγ ≡ χ1 + χ2/2, where
χ1 and χ2 are shown in table 2. The expressions for the branching fractions into electroweak
bosons are omitted for the sake of brevity but can be found in [11]. Some comments on the
weak boson decay modes will be given in section 5.
In the C-odd sector, all the v-glueballs decay radiatively with the emission of a photon to
the lightest v-glueballs in the C-even sector. Direct annihilations into three SM gauge bosons
are suppressed since they would be induced by dimension-twelve operators. One can also show
that three-body decays are suppressed due to the small phase space that is available for these
decays [11].
The lightest states in the C-odd sector are the pseudovector 1+− and the vector 1−−. The
width of the decay 1+− → 0++ + γ is given by
Γ1+→0++γ =
αα3v
24πM8
χ2
(m21+ −m20+)3
m31+
(MΩ
1+−0++
)2. (3.17)
A similar expression holds for the decay 1−− → 0++ + γ
Γ1−→0++γ =
αα3v
24πM8
χ2
(m21− −m20+)3
m31−
(MΩ
1−−0++
)2. (3.18)
For the 1−− state, annihilation to SM fermions via an off-shell γ or Z is also possible, with
branching ratio
Γ1−→γ∗/Z∗→ff¯
Γ1−→0++γ
=
16πα
cos4 θW
(Y 2L + Y
2
R)
(
m21−
m21− −m20+
)3(
FΩ
1−−
MΩ
1−−0++
)2
. (3.19)
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Here YL and YR are left and right hypercharge of the emitted fermions. Decay to electrons
and muons will be reconstructable as a resonance, so despite its uncertain branching fractions,
this decay mode is mode is worthy of careful consideration.
One can also generalize formulas (3.17) and (3.18) to include the radiative decays of the
heavier C-odd v-glueballs. Easy computations show that
ΓJ→0++γ =
αα3v χ
2
4πM8
(J + 1) (J !)2
2J J (2J)! (2J + 1)
(m2J −m20+)2J+1
m2J+1J m
2J−2
0+
(MΩ
J0++
)2 (3.20)
ΓJ→2++γ =
αα3v
48πM8
χ2
(m2J −m22+)2J+1
m2J+3J m
2J
2+
2J−7(J !)2
3 J (2J)! (2J + 1)(
2(71J + 65)m2Jm
2
2++ + 3(5J + 3)m
4
J + 3(5J + 3)m
J
2++
)
(MΩ
J2++
)2. (3.21)
with similar expressions for the modes J → 0−+γ and J → 2−+γ.
3.3 Summary of decays
In table 4 we summarize the final states for the most important decay channels of the v-
glueballs in figure 1 for D = 6 and D = 8 operators. We therefore see the presence of
State D = 6 operators D = 8 operators
0++ bb, W+W−, ZZ, hh gg, WW , ZZ, Zγ, γγ
2±+ 0±+h(h∗) gg, WW , ZZ, Zγ, γγ
0−+ - gg, WW , ZZ, Zγ, γγ
3++ 0−+h, 2±+h(h∗) 0−+gg 2++gg, 1+−γ
1+− - 0±+γ, 2−+γ
1−− 1+−h(h∗) 0±+γ, 2±+γ, ff
0+−, 2+−, 3+− JP−h(h∗) 0±+γ, 2±+γ
2−−, 3−−
Table 4: Possible final states of the various v-glueballs in figure 1 generated by D = 6 and
D = 8 operators. Note the absence of Higgs-mediated decay modes for the 0−+ and 1+−
v-glueballs. Here JP− denotes a C-odd v-glueball state.
operators of different mass dimensions opens a plethora of decay modes, which is particularly
interesting from the phenomenological point of view, but complex to analyze. It is the purpose
of the next two sections to disentangle the effects fromD = 6 andD = 8 operators, and extract
the most frequent decay modes.
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4 Constraints on new physics
In this section, we discuss direct experimental constraints on the operators used in this paper
from Tevatron searches for new physics, as well as potential limits from precision electroweak
measurements.
4.1 Direct searches
In order to translate nonobservation of X particle events above the standard model back-
ground into bounds on the X mass, it is important to understand the possible collider signals
associated with the production of X particles at hadron colliders such as the Tevatron or the
LHC. As was pointed out in [29, 30], and more recently in [1, 31], theories with quirks like
the X particles give rise to a quite unusual dynamics. Here we briefly rephrase and elaborate
some of the results of [1, 31] to agree with the regime we are considering in this paper.
At the Tevatron, color-singlet X particles could be pair produced through an off-shell
photon, Z, or W . If the X particles are colored, their pair production through an off-shell
gluon is also possible. To a great extent, the production rate is only dependent on the gauge
couplings of the X particles and so is fixed by their standard model quantum numbers. The
X and X¯ are initially produced with considerable kinetic energy. Due to v-confinement, they
form a bound state of X-onium with an SU(nv) string (flux tube) being stretched between
the X and the X¯ . As the X and X¯ move apart, the potential energy stored in the string
increases, but contrary to QCD strings, the SU(nv) string cannot break, since there are no
light v-quarks in the v-sector whereby the string can split. Instead, the X and X¯ oscillate back
and forth losing their kinetic energy and angular momentum by radiating some combination
of photons, hadrons and v-glueballs. Eventually the X and X¯ recombine and annihilate back
into lighter states.
In the case of colored X particles, the annihilation is most often into v-gluons, which at
long-distance become two or more v-glueballs. As explained in section 3, the v-glueballs can
then decay via a loop of X particles, producing photons, gluons, bottom quarks, and so forth.
As will be seen in section 5, v-glueball decays typically result in an observable signal, providing
Λv & 1 GeV. For color-singlet X particles that are produced via an off-shell photon or Z,
the primary annihilation channel is also to v-glueballs, which can decay back to SM particles.
However, the dominant cross-section for production of color-singlet X particles is through an
off-shell W boson [8]. The resulting X+X¯0 bound state is electrically charged and cannot
annihilate into v-glueballs alone6. Instead, it may annihilate to leptons or quarks via an off-
shell W , to Wγ or WZ, or to Wgvgv, that is W plus some v-glueballs. Other contributions to
the final states arise from the v-glueballs radiated during the X-onium relaxation [1, 8, 31].
These might help increase the discovery reach and deserve further investigation which we leave
for future work.
6One can show that the splitting between X+ and X0 is so small that X+ is stable against decay to X0
on the time scales of interest; for example, see [8].
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The Wγ process might allow X-onium to be discovered directly. Events with a photon,
lepton and missing energy ( l + γ + 6ET ) would reveal a X-onium resonance in the transverse
mass distribution above the Wγ background. On the other hand, when the v-glueballs decay,
they may produce spectacular collider signals, such as pp¯ → XX¯ → γγγγ, γγτ+τ−. The 4γ
channel, in particular, is very clean, since it is essentially background free, and would reveal
the v-glueballs, if the rate is large enough to be detected.
There have not been specific searches for quirks as yet. Present limits are in general very
mild because the cross-section for production of quirks at the Tevatron becomes very small
once the quirk masses are larger than ∼ 250 GeV and because not all the collected data has
been analyzed yet. Below we present bounds on the masses of the X particles from CDF
searches for new physics in l+ γ+ 6ET events and in searches for anomalous production of two
photons and at least one more energetic, isolated and well-identified object (τ lepton or γ).
This analysis by no means is exhaustive, but is meant to illustrate potential discovery signals
and the bounds that can arise.
Our estimates below are based on the following assumptions. First, we determine the
rate for production of X particles through perturbative computations; the cross-section σXX¯
is estimated as a function of the mass MX and for nv = 2, both for the cases of colored
and uncolored particles. Second, motivated by a thermal model of fragmentation [22], we
have estimated the relative probability of producing any v-glueball in X-onium annihilations
assuming production of the 0++ at 50 − 60%, and that of the 2++, 0−+ and 2−+ totaling
40 − 50% in all. Finally, for the purpose of obtaining an approximate bound we assume a
100% efficiency for detecting v-glueballs. The last two assumptions are unlikely to be accurate,
as we will discuss more thoroughly in our LHC study, but they are intended to give a rough
estimate for the bounds.
(i) l+γ+ 6ET : The CDF collaboration has searched for the anomalous production of events
containing a high-transverse momentum charged lepton and photon, accompanied by missing
transverse energy [32]. Using 929pb−1 of CDF Run II data, these searches exclude X masses
below 200 GeV for color-singlet X particles and 250 GeV for colored X particles, under the
assumption that the X-onium has lost most of its energy by radiation of photons and/or
v-glueballs and the annihilation takes place at or near the ground state.
(ii) 2γ+γ and 2γ+τ : The CDF collaboration has also searched for the inclusive production
of diphoton events [33]. Using 1155 pb−1 of integrated luminosity, the diphoton plus third
photon search places lower limits on the X mass below 200 GeV for color-singlet X particles
and y ∼ 0. The corresponding limit on the X mass for colored X particles turns out to be
less severe, roughly below 150 GeV, because, in this case, the branching fraction to photons
is . 0.35%. Similarly, using 2014 pb−1, the diphoton plus tau search places lower limits on
the X mass for y ∼ 1 below 250 GeV for color-singlet X particles and 175 GeV for colored
particles.
Some comments are in order. The mass bounds from potential v-glueball signals are
necessarily model dependent. Unfortunately, unlike our computations of the branching ratios,
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there is no way to make a reliable estimate of the probability for producing any given v-glueball
state in X-onium annihilation, since phenomenological input from QCD is not relevant to the
pure-glue case. V-glueballs could be created during the relaxation of X-oniums, and during
their annihilation, so events with more than two v-glueballs might be common. Generally,
with more than two v-glueballs produced in each X-onium annihilation, events with multiple
photons would be common and easier to observe. However, the events may be more cluttered
and the energy of the photons lower, leading potentially to lower detection efficiencies. Since
we cannot model this reliably, in the simple analysis of this paper, we will rely on the model
independent bounds from the production of X-onium through s-channel W± outlined above.
Moreover, the bounds from the W+ photon final state assume that the X-onium state
decays to its ground state before annihilating. However, it has been argued in [31] that the
annihilation may often occur at higher energy, before the ground state is reached. With
many X-onium states annihilating at different energies, the signal in the transverse mass
distribution will be diluted. Besides, annihilation to two fermions via an off-shell W or toW+
v-glueballs becomes increasingly significant at higher energies. While the branching ratios to
Wγ/Z, f f¯ and W+v-glueballs can be estimated, the wide range of X-onium states and the
uncertain annihilation probability as a function of the energy make any precise evaluation
almost impossible. Therefore, the Tevatron limits are in fact weaker than suggested above.
In passing, we note that the bounds on a fourth generation of particles from Higgs searches
at the Tevatron do not apply to heavy fermions that get only part of their mass from elec-
troweak symmetry breaking, such as the X particles in our paper. For an additional pair of
fermions that get most of their mass from electroweak symmetry breaking, the Higgs produc-
tion cross-section σgg→H is known to increase by a factor of roughly 9, making a dramatic
effect on Higgs physics [35]. This allowed CDF and D0 to rule out fourth generation quarks
for a Higgs mass in the window 145 GeV < mH < 185 GeV. However, for heavy particles
that get only part of their mass by electroweak symmetry breaking, their contribution to the
cross-section σgg→H decreases and the bounds are generally much weaker or absent.
Before moving on to the discussion of electroweak precision constraints we should briefly
comment on the possibility of producing v-glueballs in Higgs decays. Up to now we have
considered the production of v-glueballs as a by-product of X-onium annihilation and relax-
ation. However, there is another possibility for this production to occur. For sufficiently small
v-glueball masses, the interaction (2.2) can also mediate processes such as h→ ΘκΘκ and h→
ΘκΘκΘκ. Assuming only minor phase space suppression, the branching ratio to v-glueballs for
a SM Higgs below 140 GeV and nv = 2 − 4 is of order (αvy2v2hmh/3πM2mb)2 ∼ 10−3 − 10−2.
This implies a cross-section for producing v-glueballs at the Tevatron of order a few fb. Even
though the cross-section is small, when combined with X-onium annihilations, the production
of v-glueballs in Higgs decays may be useful in the low mass range m0 ≃ 1−70 GeV. The pro-
duced v-glueballs can then decay to a wide variety of final states, including b quarks, τ leptons,
and multiple photons, among others; for small v-glueball masses, a significant fraction of these
decays may occur with displaced vertices. At the Tevatron, there may be potential to observe
a few events in the bb¯τ+τ− or bb¯bb¯ channels, although with limited statistics. In the case of
displaced vertices, the D0 collaboration has searched for pair production of neutral long-lived
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particles decaying to a bb¯ pair, and found no significant excess above the background [36].
This search could only exclude branching fractions of order 1, so that in our case it does not
imply any bounds. At the LHC, the background problem is more severe, but with a larger
cross-section and a larger integrated luminosity than at the Tevatron, the observation of a few
v-glueball events may also be possible. Depending on kinematics, the case of photons that
originate away from the primary interaction point may also play an interesting role. A search
for displaced photons has been done at D0 [37], and may be possible at ATLAS, due to the
longitudinal structure of the electromagnetic calorimeter (ECAL). Besides, CDF and CMS
allow the identification of delayed photons from long-lived particles using ECAL timing infor-
mation (see [34] for results obtained using the CDF detector). The question then is whether
at a rate ∼ 10−3−10−2 the LHC will have some sensitivity. Keeping these non-standard Higgs
decays in mind we leave the analysis of the discovery reach for future work.
4.2 Electroweak oblique corrections
If new heavy particles exist, they can manifest in the standard model in terms of corrections
to the gauge-boson self-energies. When the new physics scale is much larger than MZ , this
effect can be described by just three parameters (S, T, U) at the one-loop level [38, 39] 7:
S = 16π
d
dq2
[
Π33(q
2)− Π3Q(q2)
] |q2=0, (4.1)
T =
4π
s2M2W
[Π11(0)− Π33(0)] , (4.2)
U = 16π
d
dq2
[
Π11(q
2)−Π33(q2)
] |q2=0, (4.3)
where MW is the mass of the W , and s
2 ≡ sin2 θW . The subscripts 1 and 3 refer to the weak
SU(2) currents, while Q denotes the electromagnetic current. In practise, only the S and
T parameters are relevant for our work because the U parameter is suppressed by an extra
factor of the heavy fermion masses. These parameters are a measure of the size of electroweak
breaking, which is parametrized by the breaking scale yvH . On the other hand, they must be
suppressed by the mass scale M in the limit M →∞. Therefore even if one introduces heavy
fermions with extremely large couplings, their contributions to the S, T and U parameters
can become small at least in the limit M ≫ yvH . This leaves ample available parameter space
within which extra vector-like fermions are in agreement with all experimental constraints.
In this section, we analyze how current limits on S and T from precision electroweak fits
can be used to obtain constraints on the mass splittings of heavy fermions. To calculate S
and T , we use exact one-loop expressions for the gauge-bosons self-energies which are valid
for all values of the new vector-like fermion masses.
7The reader should not confuse these S and T which are both vacuum polarization functions with the
operators S and T in (2.5)
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Our scenario contains three vector-like fermion fields, one doublet and two singlets of
SU(2)L, transforming under the fundamental representation of SU(nv),
ψq =
(
QU
QD
)
ψu = U ψd = D (4.4)
with hypercharge Y , Y +1/2 and Y −1/2, respectively. We will make our computations using
the above quark-like fermions. With a simple modification, our results can be readily applied
to the case in which the fermions have lepton quantum numbers.
The full fermionic Lagrangian is given by
L = ψ¯q(Dµγµ +mq)ψq + ψ¯u(Dµγµ +mu)ψu + ψ¯d(Dµγµ +md)ψd+
+ (yuψ¯qHψu + ydψ¯qHψd + h.c.) (4.5)
where mq, mu and md are Dirac masses. For simplicity we have assumed that the mass matrix
is symmetric and real, but complex masses may be present as well. Finally, the covariant
derivative is
Dµ = ∂µ − igTaW aµ − ig′Y Bµ. (4.6)
When the Higgs acquires an expectation value 〈H〉 =
(
0
v
)
, off-diagonal mass terms are
induced for ψq, ψu and ψd
Mu =
(
mq yu v
yu v mu
)
Md =
(
mq yd v
yd v md
)
(4.7)
The mass matrix M is diagonalized by(
ψ1
ψ2
)
=
(
c1 s1
−s1 c1
)(
Qu
ψu
) (
ψ3
ψ4
)
=
(
c2 s2
−s2 c2
)(
Qd
ψd
)
(4.8)
where c1 = cosφ1, s1 = sin φ1, c2 = cosφ2, s2 = sinφ2 with
tan 2φ1 =
2yuv
mq −mu tan 2φ2 =
2ydv
mq −md . (4.9)
The corresponding eigenvalues are given by
m1,2 =
1
2
(
mq +mu ±
√
(mq −mu)2 + 4y2u
)
(4.10)
m3,4 =
1
2
(
mq +md ±
√
(mq −md)2 + 4y2d
)
(4.11)
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with the following inverse relations,
mq = c
2
1m1 + s
2
1m2 = c
2
2m3 + s
2
2m4 (4.12)
mu = s
2
1m1 + c
2
1m2
md = s
2
2m3 + c
2
2m4
2 yu v = (m1 −m2) sin 2φ1
2 yd v = (m3 −m4) sin 2φ2.
These expressions now permit the evaluation of the S and T parameters as follows,
S =
nv Nc
3π
{
−c
2
1
2
(Y +
s21
2
) logm21 −
s21
2
(Y +
c21
2
) logm22 +
c22
2
(Y − s
2
2
2
) logm23+
+
s22
2
(Y − c
2
2
2
) logm24 +
3c21s
2
1
8
Π
′
(0, m1, m2) +
3c22s
2
2
8
Π
′
(0, m3, m4)
}
(4.13)
T =
nv Nc
8πs2M2W
{
c21c
2
2Π(0, m1, m3) + c
2
1s
2
2Π(0, m1, m4) + s
2
1s
2
2Π(0, m2, m4)+
+s21c
2
2Π(0, m2, m3)− c21s21Π(0, m1, m2)− c22s22Π(0, m3, m4)
}
(4.14)
where the functions Π(0, m1, m2) and Π
′(0, m1, m2) are given by
Π (0, m1, m2) =
1
m21 −m22
(−m41 + 4m31m2 + 4m31(m1 − 2m2) logm1 − 4m1m32+
+4m32(2m1 −m2) logm2 +m42
)
(4.15)
Π
′
(0, m1, m2) =
2
9(m21 −m22)3
(−12m31(m31 − 3m1m22 + 3m32) logm1+
+12m32(3m
3
1 − 3m21m2 +m32) logm2+
+(m21 −m22)(2m41 + 9m31m2 − 16m21m22 + 9m1m32 + 2m42)
)
. (4.16)
In this context, the S and T parameters are a measure of the deviation of the heavy
particles from the pure Dirac mass case. When the couplings yr are turned off, the custodial
SU(2)c and isospin SU(2)L symmetries are restored, and both S and T vanish. To see this
in more detail, we can expand the S and T parameters in powers of (m1 − m2)/(m1 +m2),
(m3 −m4)/(m3 +m4). If mq = mu = md = M ≫ yuv, ydv we obtain,
S =
Nc nv v
2 [(11 + 20Y )y2u + (11− 20Y )y2d]
30πM2
(4.17)
T =
Nc nv v
4 (y2u − y2d)2
40π s2W M
2
W M
2
. (4.18)
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Figure 3: The bounds at 95% CL on the (M, y) parameters from constraints on the oblique
parameters (S, T ) for nv = 2, 3, 4 and two different regimes: ρr ≈ 1 (y =
√
7yl) (Left panel),
and ρd¯ = ρu¯ = ρq ≫ ρl = ρe ≈ 1(y = yl) (Right panel). The upper-left region is excluded in
these plots.
where sW = sin θW and MW is the mass of the W boson. Then we see that S, T → 0 when
yu, yd → 0, i.e., m2 → m1 and m4 → m3 . The corresponding formulas for the lepton-like
fermion case can be obtained by substituting yu → 0, yd → yl, Nc → 1 in equations (4.17)
and (4.18).
Fits of the combined electroweak data provide constraints on the S and T parameters and
have been obtained in many places. Here we use the results from the PDG fits. The standard
model is defined by (S, T ) = (0, 0) with mt = 170.9 GeV and mH = 115 GeV. The best fit to
data is (without fixing U = 0)
S = −0.10± 0.10 (4.19)
T = −0.08± 0.11. (4.20)
These equations then imply the bounds S ≤ 0.10 and T ≤ 0.13 at 95% CL. From the ex-
perimental data, we can readily find the constraints on the parameters of the model. For
example, for lepton-like fermions, if we take Y = −1/2 and m1 = 1 TeV, then S ∼ 0.01y2l nv
and T ∼ 0.08y4l nv. Notice that the small value of S leads to only mild constraints on yl and
nv. By constrast, the parameter T provides the most stringent bounds.
There is, however, one important effect that can mitigate the contribution to T . From
(4.18), we see that electroweak corrections to the T parameter are insensitive along the yu = yd
direction in the parameter space, where the isospin symmetry is restored. In this case, the
only constraints on the yu and yd contributions to y are given by the S parameter, which, as
we have just seen, are less stringent.
In figure 3 we show the bounds on y at the 95% C.L. from the X particles in table 1
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as a function of the mass scale M and for nv = 2, 3, 4. For illustration, we have considered
yu = yd = yl and two different regimes: the degenerate case, ρr ≈ 1, (Left panel) and the
non-degenerate case, ρd¯ = ρu¯ = ρq ≫ ρl = ρe ≈ 1, (Right panel). In this case, one has
y =
√
7yl and y = yl for the degenerate and non-degenerate cases, respectively, (cf. (2.3)).
Since yu and yd are unconstrained by T along the yu = yd line, and the limits from S are less
severe, the only bound we can obtain on y comes from the most stringent bound on yl due to
the T parameter. We then see that typical values M ≃ 1, 1.5 TeV and y ≃ 1 are permitted
for nv = 2. For larger values of nv, the allowed split between the mass eigenstates is smaller,
but still large enough that a coupling y ≃ 0.5 is not unreasonable.
To summarize, we conclude that for a sufficiently large range of the parameters the fit to
electroweak observables is in agreement with the existence of extra vector-like fermions. This
parameter space is characterized by
ρr ≈ 1 : y . 1.2− 1.6
ρd¯ = ρu¯ = ρq ≫ ρl = ρe : y . 0.6− 1.2 (4.21)
together with the current direct search limits
Ml,Me¯ & 200 GeV
Mq,Mu¯,Md¯ & 250 GeV. (4.22)
5 Numerical analysis
An interesting feature of the pure-glue hidden valley is that the v-glueballs can have many
decay modes, depending on their quantum numbers and on the values of the various parame-
ters. To give a general survey of decays is beyond the scope of this work, since a more detailed
treatment would have to incorporate precise values of the matrix elements which at present
are unknown. However, a few examples are useful to illustrate the main qualitative features
of v-glueball decays.
5.1 Decay patterns of v-glueballs
The relevant parameter space consists of the mass scale M , the 0++ mass m0, the coupling y
and the Higgs mass mH . Here we present our results in terms of m0 which is more transparent
than the confining scale Λv, since m0 is the relevant parameter for LHC studies. To simplify
the discussion in the SM, it is convenient to assume that the Higgs boson is SM-like and fix its
mass to be mH = 120 (“low mass” range) or mH = 200 GeV (“high mass” range). Moreover,
since the branching ratios depend onM and y only through the combination yM , our problem
is reduced to a two-dimensional parameter space described by yM and m0.
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For our estimates below, we will use the lattice results [13] 8
4παvF
S
0++
= 3.06m30, F
T
2++
= 0.03m30 (nv/3), 4παvF
P
0−+
= 0.83m30. (5.1)
We also need estimates of the other v-glueball decay constants and transition matrix elements,
which at this point are unknown. A reasonable educated guess is that they are of order FT
2++
,
which is the only known decay constant that is largely independent of the size of the v-
glueballs. We can also guess MΩ
1−−0++
∼ 1/FS
0++
, as it would be true for pion emission. In
the following, we will therefore assume
FL
2±+
=
nv
3
M
S(i)
2++0++
m0 ≃ FT2++ , MS(i)1−−1+−m1+− =
√
nv
3
MΩ
1−−0++
≃ nv
3
m60/F
S
0++
. (5.2)
Later in this section, we will comment on how large deviations from this guess might affect
our estimates.
Using the decay rates expressed in section 3, we identify Γ(6) and Γ(8) as the summed contri-
butions to the decay rates from dimension-six and dimension-eight operators, respectively. The
corresponding branching ratios are denoted by BR(6) and BR(8), satisfying BR(6)+BR(8) = 1.
To illustrate the dependence of the branching fractions on yM and m0, we present in figures 4
and 5 contours of constant BR(6) in the m0 vs yM plane for various choices of v-glueball states
and mH = 120 GeV, 200 GeV. In figure 4, we see that the values of BR
(6)
0++ are large over
most of the parameter space plane, except at very low yM . By contrast, the values of BR
(6)
2++
are small, except for a small region at large yM . The most interesting decay pattern is found
in the 1−− v-glueball. We see that BR
(8)
1−− typically dominates when m1−− −m1+− < mH and
the emitted Higgs boson is off-shell, whereas BR
(6)
1−− dominates when m1−− −m1+− > mH and
the emitted Higgs boson is on-shell. An analogous behaviour is found for mH = 200 GeV, as
demonstrated in figure 5.
The values of yM determine to a large extent the decay pattern of v-glueballs with three
distinctive energy regions: (i) yM ≪ 1 TeV, (ii) yM ≫ 1 TeV and (iii) yM ≈ 1 TeV. Recall
that these ranges of parameters are further constrained by existing experimental limits, as
described in section 4. As will be discussed below, the common feature of all these differ-
ent regimes is the great diversity of decay modes and lifetimes, even for a given choice of
parameters.
(i) yM ≪ 1 TeV. For sufficiently small yM , the contribution of the dimension-six opera-
tors can be effectively disregarded and, hence, the dimension-eight operators have the largest
effects on v-glueball decays. As shown in [11], annihilation decays dominate the 0++, 2++,
8 Here the coupling constant 4παv is included alongside F
S
0++
and FP
0−+
to make them renormalization
invariant so that there is no question at which point 4παv is normalized. On the contrary, F
T
2++
is renor-
malization invariant as is, since it is the matrix element of the energy-momentum tensor which is known to
be scale invariant. Also, since the values reported in [13] are not expressed in a continuum renormalization
scheme, we have converted g2FT
2++
to FT
2++
using the value of the lattice parameter β = 6/g2 = 3.2 as an
approximation to the continuum limit.
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Figure 4: Curves of constant branching ratio BR(6) in the parameter space (m0, yM) for
various representative states and mH = 120 GeV. Left: 0
++, Center: 2++, Right: 1−−.
Figure 5: Same as figure 4 for mH = 200 GeV.
0−+ and 2−+ v-glueballs. Their branching ratios are dominated by decays to gg, with decays
to γγ having a branching fraction of ∼ 0.4%, assuming the X fields form complete SU(5)
multiplets of equal mass. If the colored particles are much heavier than the uncolored parti-
cles, then decays to electroweak bosons and photons can dominate. Most other states decay
by radiatively emitting a photon, or a Z boson. In addition, the 1−− state can also decay to
standard model fermions via an off-shell γ or Z. The 3++ state is special in that its three-
body decay mode 3++ → 0++gg could be of the same rate as the radiative 3++ → 1+−γ decay.
The clearest signatures for this regime are likely to be the two-photon resonances from the
prompt annihilation decays of C-even v-glueballs. In addition, for part of the parameter space,
the v-glueballs are rather long-lived particles, so that they produced displaced vertices in the
detectors, which can be an experimentally challenging, but certainly important signature.
(ii) yM ≫ 1 TeV. In this case, the Higgs couplings to v-glueballs dominate over all other
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couplings. As a result, the decay pattern is relatively simple. In the PC = ++ sector, we
find that the 0++ v-glueball annihilates directly into pairs of standard model particles via
0++ → h∗ , with the same final states and branching fractions of a Higgs boson with mass
m0. For m0 > 2mh, the mode 0
++ → hh opens up, in addition to 0++ → h∗, contributing
20− 25% to the total width with the decays into weak boson and top quark pairs accounting
for the remaining 75 − 80%. The 2++ v-glueball decays predominantly to the lighter 0++
by radiatively emitting a Higgs boson. In the PC = −+ sector the lightest states are the
0−+ and 2−+ v-glueballs. The 2−+ v-glueball decays in a similar way to the 2++, with the
rate dominated by 2−+ → 0−+h. Although the 2−+ v-glueball is heavier than the 0++, the
2−+ → 0++h decay is not allowed, due to parity and conserved angular momentum. The 0−+
v-glueball is a special case. Without explicit breaking of parity, the 0−+ v-glueball decays
slowly into gg via dimension-eight operators.
Turning to the PC = +− sector, we find that most of the states can decay by emission of a
Higgs boson, through processes of the form Θκ → Θκ′h, where Θκ, Θκ′ denote two v-glueballs
with given quantum numbers. Since C-changing transitions are not allowed by the S operator,
the v-glueballs in that sector typically undergo a cascade decay, radiating a Higgs boson at
each step, which ends at the lightest 1+− state. The v-glueballs in the PC = −− sector
decay in a similar manner, with the lightest 1−− v-glueball decaying to the 1+− v-glueball
with the emission of a Higgs boson. Since the 1+− v-glueball is not permitted to decay via
dimension-six operators, its dominant decay modes are photon-radiative transitions to C-even
v-glueballs, as in (i).
We should note that this theoretical regime may be difficult to access in practice. For
the 2++ v-glueball (and hence the 2−+), this requires yM & 10 TeV (see figures 4 and 5).
As shown in (4.21), the heavy mediators can at most have Yukawa couplings y ∼ 1 in order
to avoid potentially dangerous electroweak corrections. With M ∼ O(10 TeV), the rate for
production of v-glueballs (∝ σgg→XX ≪ 1fb) is rather small, rendering this region of parameter
space experimentally inaccessible to the future experiments at the LHC.
(iii) yM ≈ 1 TeV. For Higgs couplings with intermediate strength, the v-glueball decay
pattern is more complicated because the couplings to the gauge bosons become important,
leading to a interesting interplay between dimension-six and dimension-eight operators. From
the point of view of prospective experiments at the LHC, this is also the most interesting
regime, due to the diversity of v-glueball decay channels and variability of lifetimes as well.
The 0++ v-glueball still decays predominantly to pairs of standard model particles via
0++ → h∗ or, if kinematically allowed, 0++ → hh. The branching ratios for the main decay
channels of the 0++ v-glueball are shown in figure 6 for yM = 1 TeV in the cases of mH =
120 GeV and mH = 200 GeV.
For the 2++ and 2−+ v-glueballs, the dominant decay mode is gg. This is because the 2±+ →
0±+h(h∗) decay is phase-space suppressed by a 10−8 − 10−3 factor. For m2++ −m0++ > mH ,
the phase space suppression is smaller ∼ 0.01, but in this regime the (m2++/M)4 suppression
of D = 8 operators is inefficient, rendering the D = 6 operators subdominant.
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Figure 6: The branching ratios of the 0++ v-glueball as a function of m0 for yM ∼ 1 TeV.
Left Panel: mH = 120 GeV. Right Panel: mH = 200 GeV. For clarity, only the main decay
modes are shown.
The dominant decay modes of the 1−− v-glueball are transitions with a Higgs boson in the
final state, 1−− → 1+−h, for m1−− − m1+− > mH or, photon-radiative decays to the lighter
v-glueballs in the C-odd sector for m1−− −m1+− < mH . The decays of the other v-glueballs
in the C-odd sector proceed in a similar fashion. In addition, the decay of the 1−− v-glueball
into fermion pairs can play a significant role for m1−− −m1+− < mH .
Since the 1+− and 0−+ v-glueballs cannot decay via their couplings to the Higgs boson,
their dominant decay modes are gg for the 0−+ v-glueball and radiative transitions to the
C-even states with emission of a photon for the 1+− v-glueball.
The 3++ state is more complicated. With many contributing decay channels and unknown
form factors, it seems impossible to estimate which decay mode is dominant. Indeed, a simple
estimate suggests that the 3++ → 0++gg, 3++ → 1+−γ and 3++ → 0−+h decays are all of the
same order.
Summarizing all three cases, we expect the v-glueball decays to produce any of the kine-
matically allowed final states of the Higgs boson, such as bb¯, τ+τ−, W+W−, etc, as well as
possible photons, both singly and in pairs, and gluon pairs. If kinematically allowed, multiple
production of standard model Higgs bosons from cascade decays can also proceeds with a
sizable rate. A typical final visible state would then be of the form bb¯bb¯, WWWWbb¯, bb¯τ+τ−,
bb¯gg, bb¯γγ, and so on.
5.2 Lifetimes
Meanwhile, with so many v-glueball states and decay channels, the lifetimes of the v-glueballs
can vary over many orders of magnitude. This is already clear from the fact that the lifetimes
are very sensitive to bothM andm0. In our approach, the large contributions of the dimension-
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six operators also suggest a wider spread of the lifetimes than that found when the Higgs
couplings are absent, as in [11]. In figure 7, we plot the lifetimes of some of the v-glueballs as
a function of m0 for the three representative regimes studied in the last subsection. We see
that for yM ≈ 1− 10 TeV the various v-glueball states have lifetimes that typically span 5-6
orders of magnitude, for any given choice of the parameters.
An important consequence of the large spread in the lifetimes is that there is a significant
probability that one or more of the v-glueballs will often decay a macroscopic distance away
from the primary interaction vertex. Only one of these states needs to be both long-lived and
frequently produced to provide a strong signature of new physics.
If production rates are substantial, displaced vertices are expected for average decay
lengths9 cτ of the order 10−4 − 100m, resulting in lifetimes of 10−12 − 10−6 sec. Outside
this range, the displaced-vertex signature is no longer present, either because the lifetime is
much longer than 10−6 sec, so that a typical v-glueball produced at the LHC will escape
the detectors, or because the decays are prompt and the v-glueball decay lengths cannot be
resolved.
As shown in figure 7, displaced vertices could be observed for 10 GeV . m0 . 200 GeV
and 0 . yM . 1 TeV or for 10 GeV . m0 . 400 GeV and yM ≫ 1 TeV. As long as m0
becomes greater than about 400 GeV, all v-glueball decays will be prompt and the displaced-
vertex signature will be absent. In the case yM ≈ 0 the 1+− and 1−− v-glueball lifetimes reach
values high enough for displaced vertices form0 between 50 GeV and 150 GeV. The 0
++, 0−+,
2++ and 2−+ v-glueballs may also decay with displaced vertices in the very low mass range
m0 . 70 GeV. On the other hand, in the case yM ≈ 10 TeV the spread in the lifetimes is two
or three orders of magnitude larger, so even larger v-glueball masses 150 GeV < m0 < 400 GeV
may allow for displaced vertices. This is the case of the 2++ and 2−+ v-glueballs, as shown
in the middle panel of figure 7. Their lifetimes are so long that these v-glueballs may escape
the detectors for m0 . 100 GeV. In the low mass range 50 GeV < m0 < 200 GeV other
v-glueballs such as the 1+− and 1−− also have a significant chance to decay with displaces
vertices. In this case, the 0++ and 2++ v-glueballs will remain short-lived over most of the
parameter space down to masses of order 50 GeV where displaced vertices may start to occur
for these states as well. Finally, the case yM ≈ 1 TeV shown in the right panel of figure 7 is
an example of an intermediate situation, with the 0++ v-glueball being short-lived, except for
very-low masses m0 . 50 GeV, and at least five states having a chance to decay with displaced
vertices in some part of the parameter space: the 1+− and 1−− v-glueballs for m0 . 200 GeV,
and the 2++, 2−+ and 0−+ v-glueballs for 20 GeV . m0 . 100 GeV.
From the analysis above it is quite evident that long-lived resonances are a common feature
of pure-glue hidden valleys for an ample range of parameters. Nonetheless, detecting long-
lived particles presents several experimental challenges. Displaced jets, though they have
9 Note that the actual v-glueball decay length l in the laboratory frame, distributed according to P (l) ∝
e−l/γcτ with the Lorentz boost factor γ = 1/
√
1− β2 , may be actually much smaller than the average decay
length cτ . So even if cτ far exceeds the dimensions of the detector, there is still a significant chance that these
v-glueballs will be observable, providing the rates are substantial.
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Figure 7: Lifetimes of the v-glueballs as a function of the v-glueball mass scale m0 for three
representative regimes: yM ≈ 0 (Left panel), yM ≈ 10 TeV (Middle panel), and yM ≈ 1 TeV
(Right panel).
no standard model background, suffer from substantial detector backgrounds from secondary
vertices inside the detector material. On the other hand, displaced leptons are technically
easier, and have much less background, but branching ratios to leptons are usually quite
small. Displaced photons also present several experimental challenges, since one has to detect
not only the position where the photons enter the electromagnetic calorimeter but also their
angle of incidence. Thus the issue of detecting displaced vertices is not straightforward, and
requires novel analysis strategies.
Interestingly enough, the v-glueball masses can be as low as a few GeV’s and at the same
time the lifetimes could be short enough that a few v-glueball events could be observed at the
LHC. Specifically, let us examine closely the case of the scalar 0++ v-glueball. From (3.2) we
see that for X particles of order 1 TeV the lifetime of the 0++ v-glueball is of order
cτ ∼ 1cm
(
M
1 TeV
)4(
20 GeV
m0
)7(
5 GeV
mb
)2(
1− 4m
2
f
m20
)−1.5
. (5.3)
We see that for m0 & 10 GeV the 0
++ state can decay inside the detector. It is important
to remark that even for cτ well above 10 meters, a significant fraction of the v-glueballs will
still decay inside the detector. If detector backgrounds are sufficiently low, and production
cross-section is substantial, discovery would also be possible, in principle, for states in the
low-mass range 1 GeV . m0 . 10 GeV.
5.3 Uncolored X particles
If there is a substantial hierarchy between the colored X particles and the uncolored X par-
ticles, the latter may dominate v-glueball decays. Decay rates to a pair of SM gluons in the
C-even sector are proportional to the coefficients χ23 (3.12), which would be suppressed. If
the particles carrying QCD color are heavier by factors of 2 or more, the hierarchy of decay
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rates changes, as χ23/χ
2
γ ∼ 10−2 − 10−4. In this case, decays to gluons no longer dominate
the partial widths Γ(8) for the C-even states. Also, the regime for m0 and yM in which Γ
(8)
dominates over Γ(6) is somewhat reduced. Without any detailed computation, we may infer
from figures 4 and 5 that the decays of the 0++ v-glueball, with its large branching fraction to
off-shell Higgs boson, will not be much affected. For m0− < 2mW , the dominant decay mode
of the 0−+ v-glueball is now γγ with a branching ratio of 90% with the decays into gg and Zγ
accounting for the remaining 10%. In the high mass range m0− > 2mW , the 0
−+ v-glueball
decays dominantly into WW with a branching ratio of ∼ 70% followed by the decays into
ZZ, γγ and Zγ with branching ratios of 20%, 5% and 5%, respectively. Also, the lifetime of
the 0−+ v-glueball is longer. For the 2++ and 2−+ v-glueballs, the decays into photon pairs
typically dominate for m2±+ −m0±+ < mH , while the Higgs-radiative transitions 2±+ → 0±+h
can dominate for m2±+ −m0±+ > mH . The decays of the v-glueballs in the C-odd sector are
largely unaffected. We will comment further in the conclusions and in our LHC study [40],
but suffice it to say that the fact that the annihilation into photon pairs may dominate the
lifetimes of some v-glueballs (the 0−+, 2++, 2−+) has important consequences for experimental
searches.
5.4 Uncertainties in the v-glueball matrix elements
In another respect, we should emphasize that even though our estimates are in general robust,
they are subject to significant uncertainties, due especially to the many unknown v-glueball
matrix elements. Although lattice computations are at present not available, it is of interest to
see what one might expect once lattice computations are incorporated. Of course, the decays
of the 0++ v-glueball will remain unchanged, since its branching ratios are independent of
the decay constant Fs
0+
. The same is true for the 1+− and 0−+ v-glueballs. On the contrary,
the decays of the 2++ and 1−− v-glueballs depend on ratios of the unknown non-perturbative
matrix elements,
r2+ =
MS
2++0++
m0
FT
2++
r1− =
MS
1−−1+−
m1+−
MΩ
1−−0++
. (5.4)
Since there is no reason for the form factors MS
2++0++
and MS
1−−1+−
to be significantly sup-
pressed or enhanced at k2 = m2H , the ratios r2+ and r1− are probably of order O(1) (actu-
ally somewhat smaller10, especially at large nv). To illustrate the possible range of impact
lattice computations may lead to, we can simply make the rescaling yM → yM√r2+ and
yM → yM√r1− in figure 4. One can see that when r2+ is varied by a factor of 10 in both
directions around r2+ ∼ 1 for yM ∼ 1 TeV, the ratio BR(6)2+ changes by around 10− 20%, and
the dominant mode of the 2++ v-glueball is still gg. A similar conclusion is obtained for the
2−+ v-glueball. For the 1−− v-glueball, in contrast to the 2++ and 2−+, the branching ratios
are more uncertain. The reason is that the contributions from D = 6 and D = 8 operators are
comparable in strength, so a small enhancement in one of the matrix elements can lead to a
10Using standard large-nv counting rules and taking into account explicit factors of 1/
√
nv in the coupling
constant, one obtains r2+ ∼ O(1/nv) and r1− ∼ O(1/√nv); see (5.2).
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large effect on the branching ratios. For r1− ∼ 0.1, the photon-radiative decay gets enhanced
very greatly and could dominate the branching ratio in most of the mass range, while r1− ∼ 10
tends to enhance the Higgs-radiative decay. Therefore, additional lattice computations would
be needed to distinguish between these two modes. Fortunately, it turns out that the impact
of precise lattice computations on the phenomenology of the lightest v-glueballs 0++, 2++,
0−+ and 2−+, which, as will be argued in our LHC study, are probably the most copiously
produced, is in general very mild.
6 Other extensions
In this section, we consider two simple extensions that may alter the phenomenology of v-
glueballs in a number of ways, with a special emphasis on the 0−+ and 1+− v-glueballs.
Firstly, we analyze the two Higgs doublet model (2HDM), which is the simplest extension of
the standard model Higgs sector, and secondly, we study the possibility of CP violation in
the theory and its implications for v-glueball decays. We will not attempt to systematically
compute all the decay rates, but simply point out a few salient features of these extensions.
6.1 2HDM
As in the MSSM, we consider the SM with two Higgs doublets Hu and Hd, where Hu only
couples to up-type quarks and neutrinos andHd only couples to down-type quarks and leptons.
In this model, there are five physical Higgs bosons: two charged scalars (H±); two neutral
scalars (H and h); and a neutral CP -odd scalar (A). The presence of the CP -odd scalar A
is of particular interest. Since the A is CP -odd, a gauge invariant CP -conserving coupling
to the v-gluons must be of the form ǫµναβtr FµνFαβAΦ, with Φ = 1, H, h. Because of this
coupling, new possible decays of the pseudoscalar 0−+ state emerge in the 2HDM. These are
0−+ → A∗ → ff, (6.1)
0−+ → HA, (6.2)
0−+ → hA (6.3)
0−+ → 0++A. (6.4)
For all other v-glueballs, there are new contributions to their decays in the 2HDM, but the
decay pattern as described in sections 3 and 5 remains basically unchanged. For the 0++
v-glueball, the new channels include 0++ → hh,Hh,AA as well as the off-shell Higgs decay
0++ → h∗. For all other states, new decay modes arise from the processes Θκ → Θκ′φ, where
now φ = H, h,A. Recall that in the single-Higgs model, the lowest-dimension operators that
can induce decays of the 1+− v-glueball arise at mass dimension eight. A similar conclusion
applies to the 1+− v-glueball in the context of the 2HDM. Therefore, while the CP -odd scalar
A makes a drastic change on the 0−+, it does not affect the 1+− v-glueball.
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To estimate the effect of the CP -odd scalar A on the branching ratios, we will need to find
the effective Lagrangian. Using the basic results of section 2, the effective Higgs couplings to
v-gluons, induced at one-loop by the X particles, is given by
L(6) = αv
3πM2
[
y2uH
†
uHu + y
2
dH
†
dHd
]
tr FµνFµν+
+
αv
2πM2
[
y2d
(
Hd −H∗d
2i
)†(
Hd +H
∗
d
2
)
+ y2u
(
Hu −H∗u
2i
)†(
Hu +H
∗
u
2
)]
tr FµνF˜µν . (6.5)
Here yu and yd represent the couplings of the X particles to the Higgs doublets Hu and Hd,
respectively. The couplings of the physical Higgs bosons to v-gluon pairs are readily obtained
by including the appropriate mixing angle factors
L(6) = αv
6πM2
(
ξHHH
2 + ξhhh
2 + ξHhHh+ ξAAA
2
)
tr FµνFµν + αv vH
2πM2
ξAA tr FµνF˜µν
+
αv vH
3πM2
(ξHH + ξhh) tr FµνFµν + αv
4πM2
(ξAHAH + ξAhAh) tr FµνF˜µν (6.6)
where the coeffients ξij and ξi are given by
ξHH = y
2
us
2
α + y
2
dc
2
α ξhh = y
2
uc
2
α + y
2
ds
2
α ξHh = 2sαcα(y
2
u − y2d)
ξAH = y
2
usαcβ − y2dcαsβ ξAh = y2ucαcβ + y2dsαsβ ξAA = y2uc2β − y2ds2β
ξH = y
2
usαsβ + y
2
dcαcβ ξh = y
2
ucαsβ − y2dsαcβ ξA = sβcβ(y2u − y2d) (6.7)
where α the mixing angle and the ratio of the vacuum expectation values tanβ = vu/vd. The
combination v2d + v
2
u is fixed by the electroweak scale vH =
√
v2d + v
2
u = 246 GeV.
The decay rates can be readily extracted from our general results in section 3 by replacing
y2 with the appropriate couplings in (6.7). For the scalar 0++ state, the decay rates for the
off-shell Higgs decay 0++ → H∗/h∗ → ζζ can be read from (3.2) through the substitution
y2
m20 −m2H
→ ξH
m20 −m2H
+
ξh
m20 −m2h
, (6.8)
while the rate for the two-body decays 0++ → HH, hh, Hh, AA is obtained from (3.3) by
replacing
y2
(
1 +
3m2Z
2(m20 −m2H)
)
→ ξij + ξHgHij
m20 −m2H
+
ξhghij
m20 −m2h
, (6.9)
where i, j = HH,Hh, hh, AA and gijk are the cubic self-couplings in the 2HDM. Likewise,
the width of the decays Θκ → Θ′κΦi, Φi = H, h,A, can be obtained from (3.9) and (3.10) by
substituting y2 → ξi. Finally, we summarize the rates for the new decay modes of the 0−+
v-glueball (6.1-6.4),
Γ0−+→ff¯ =
(
ξA tan β vH F
P
0+
2πM2(m2A −m20)
)2
ΓSMh→ff¯(m
2
0−) (6.10)
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Γ0−+→0++A =
1
16πm0−
(
MP
0−0+
ξA
2πM2
)2 [
g(m2H, m
2
A;m
2
0−)
]1/2 (6.11)
Γ0−+→AH =
1
16πm0−
(
F P0−
2πM2
)2(
ξAH +
3ξA
2(m20− −m2A)
)2 [
g(m2H , m
2
A;m
2
0−)
]1/2
(6.12)
Γ0−+→Ah =
1
16πm0−
(
F P0−
2πM2
)2(
ξAh +
3m2ZξA
2(m20− −m2A)
)2 [
g(m2h, m
2
A;m
2
0−)
]1/2
. (6.13)
The expressions above are clearly very model dependent. First, notice that for yu ≃ yd, ξA
is very small, and the decay rate of the 0−+ v-glueball is suppressed. On the other hand, for
yd ≃ 0, a quick check shows that this rate, whose ratio to the 0++ width is (for small masses
m0 < mh)
Γ0−+
Γ0++
≃ 0.5
(
sα
m2A
m2H
+ cα
m2A
m2h
)−2
, (6.14)
is not negligible. This ratio may be anywhere from ∼ 0.1 up to about 4 depending on the
mixing angle and the masses of the scalars. Unless the 0−+ decay rate is unduly suppressed,
the lifetimes of the 0++ and 0−+ v-glueballs are in general within one order of magnitude from
each other.
6.2 Models of explicit CP violation
It is of interest to see what one might expect once CP -violation effects are incorporated in
the theory, in the context of a single-Higgs model. For example, parity-violating interaction
terms can be induced in the effective Lagrangian if we assume that the couplings of the heavy
particles Xr to the Higgs boson are complex. In this case, a P -odd C-even interaction is
generated of the form H†H tr FµνF˜µν . As in the 2HDM, this interaction drastically changes
0−+ decays, since without it, the 0−+ v-glueball would decay via dimension-eight operators,
suffering an extra suppression. The 0−+ v-glueball can then decay via 0−+ → h∗, producing
any of the kinematically-allowed final states of the Higgs boson.
Similarly, one can contemplate interactions that explicitly break C-invariance. Interestingly
enough, the lowest-dimension operators of this kind (e.g. H†HdabefcdeFaµνF bµνF cαβFdαβ) arise
at dimension ten and, therefore, their effects are extremely suppressed by extra powers of
1/M . The dominant decay modes of the 1+− v-glueball are then induced by dimension-eight
operators, even if we allow for CP -violation.
In the rest of this section, then, we will focus on P -violating but C-conserving interactions.
To estimate the decay widths, let us consider the following Lagrangian, in two-component
notation,
Lmass = ydXqH†Xcd + ydXcqHXd + h.c. (6.15)
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where yd is a complex Yukawa coupling. By integrating out the Xq and Xd particles, we obtain
the following dimension-six operators11:
L(6) = αv (y
2 − y˜2)
3πM2
H†H tr FµνFµν + αv (2 y y˜)
πM2
H†H tr FµνF˜µν . (6.16)
where y = Re yd and y˜ = Imyd. Here F˜µν = (1/2)ǫµνλσFµν denotes the dual of the field
strength tensor. The first term on the right-hand side of (6.16) is the same operator that we
had already found in (2.2). The second term of (6.16) is new and violates P . As mentioned
above, the P -odd interaction allows the pseudoscalar 0−+ state to decay into SM particles via
s-channel Higgs-boson exchange 0−+ → h∗ → ζζ , where ζ denotes a standard model particle.
The width of the decay is given by
Γ0−+→ζζ =
(
2yy˜ vH αv F
P
0−
πM2(m2H −m20−)
)2
ΓSMh→ζζ(m
2
0−) (6.17)
where F P0− ≡ αv 〈0|tr FµνF˜µν |0++〉 is the 0−+ decay constant. The same operator also induces
the decay 0−+ → 0++h, with partial width
Γ0−+→0++h =
1
16πm0−
(
2yy˜ vH αvM
P
0−0+
πM2
)2 [
g(m2H , m
2
0+ ;m
2
0−)
]1/2 (6.18)
where now MP
0−0+
is the transition matrix. This decay is phase-space suppressed for m0−+ −
m0++ < mh, but may be quite significant for m0−+ − m0++ > mh when the radiated Higgs
boson is onshell. For example, for mh ∼ 100 GeV we obtain BR(0−+ → 0++h) ∼ 0.3.
In the SM, the most stringent limits on the size of the CP violation effects come from
experimental limits on the electric dipole moment of the neutron. The same experimental
constraints also allow us to place limits on the CP -violating operator in (6.16). To see this,
let us recall that the X particles can also carry QCD color. Then, the following dimension-six
operators are induced:
L(6) = αs (y
2 − y˜2)
3πM2
H†H tr GµνG
µν +
αs (2 y y˜)
πM2
H†H tr GµνG˜
µν . (6.19)
where now Gµν denotes the SM gluon field strength tensor and G˜µν its dual. The CP violating
term in (6.19) with the Higgs field replaced by its vacuum expectation value contributes to the
11The effective Lagrangian (6.16) can be evaluated either by following the procedure displayed in appendix
A or, equivalently, in the limit of vanishing Higgs momentum by taking derivatives of the v-gluon self-energy
and the axial anomaly:
L(6) = H†H/v2H (y2d∂2/∂y2d + y∗d2∂2/∂y∗d2)L,
where
L = (αv/6π) ln(Λ2UV /detM †M) tr FµνFµν + (αv/2πi) ln(detM/detM †) tr FµνF˜µν
with M =
(
M ydvH
ydvH M
)
.
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θ angle. We assume that this contribution to the θ angle is removed by whatever mechanism
that solves the strong CP problem in QCD. The next operators in the expansion around the
Higgs VeV contain one or two powers of the Higgs field. Their contribution to the electric
dipole moment of the neutron can be estimated using Naive Dimensional Analysis [41, 42].
Following the analysis of [43, 44], we estimate the neutron electric dipole moment as
dn =
e
2πfπ
αs (2 y y˜)
4πM2
(2πfπ)
2
(4π)2
∼ 10−25e− cm × (2yy˜)αs
8π2
× (1 TeV/M2). (6.20)
where 2πfπ ≃ 1190 MeV is the chiral-symmetry-breaking scale. Combining this result with
the current experimental bound on dn, we derive a limit on 2yy˜
|2yy˜| < 10× (M/1 TeV)2. (6.21)
Consequently, values for |y|, |y˜| in the range 0.01− 1 are consistent with the existing experi-
mental limits.
7 Conclusions
In this work, we have investigated a particularly challenging hidden valley scenario with a
broader class of couplings to SM particles than those considered in [11]. In particular, we
have focused on the effect of dimension-six operators by which the hidden sector interacts with
the standard model through the Higgs sector.
The resulting v-glueball phenomenology is fairly complex in this scenario, but there are
some simple features. In particular, we find the following interesting signatures:
• Decays of the 0++ v-glueball through h∗, producing any of the kinematically-allowed
Higgs final states such as bb¯, τ+τ−, WW , etc.
• Multiple Higgs boson emission, from cascade decays Θκ → Θκ′h, or annihilations 0++ →
hh.
• Due to the diversity of v-glueball states, and the presence of operators of different mass
dimension, the lifetimes can vary at least over 5 or 6 orders of magnitude, for any given
choice of parameters (see figure 7). This has two immediate consequences: (i) Displaced
vertices are quite common, which could potentially serve as a discovery channel, and (ii)
v-glueballs can be as light as a few GeV’s and still be visible.
• For sufficiently small v-glueball masses, a different opportunity arises in the form of
non-standard Higgs decays such as h → ΘκΘκ′, with branching ratio to v-glueballs of
order 10−3 − 10−2.
In addition, other possible final states include gg, γγ, and radiative transitions with emis-
sion of a photon, all of which are induced by dimension-eight operators [11]. The rare diphoton
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channel is particularly interesting because, thanks to its moderate QCD background, it may
serve as the discovery channel for the v-glueballs at the LHC.
We should nevertheless emphasize that some of our results are subject to significant the-
oretical and numerical uncertainties. In this respect, it would be interesting to know the
spectrum of pure-Yang-Mills theory for gauge groups other than SU(3), as well as the various
v-glueball matrix elements that arise. With enough motivation, such as a hint for discovery,
these could in principle be determined by additional lattice computations. If the v-sector gauge
group is not SU(nv), some of the v-glueballs may not be present; for instance, for SO(nv) or
Sp(nv) gauge groups the C-odd sector is absent or heavy. However, as explained in [11], the
lightest C-even v-glueballs are expected to be present in any pure-gauge theory, with similar
production and decay channels, so at least for them, the basic features of a pure-gauge hidden
valley are expected to be retained. We also have not considered higher-order corrections to
the decay rates, and they should be taken into account when precise predictions are required.
We have seen that the operators considered in this paper are not heavily constrained by
current experimental searches or precision electroweak data, thus leaving ample parameter
space to be explored by the next generation of hadron collider experiments. Application of
our results for phenomenological studies, particularly as relevant for the LHC, will be carried
out in a companion paper [40]. We expect that detection should be feasible, if the mass M of
the X particles is small enough to give a reasonable large cross-section, and Λv is large enough
to ensure the v-glueballs decay inside the detectors. Decays to bottom quarks and gluons
often dominate, but they suffer from a huge multijet background. At the Tevatron and at the
LHC, the v-glueballs are most likely to be found in searches for diphoton resonances in events
with 2 photons plus jets or with 3 or more photons and possibly additional jets, or in searches
for displaced decays to jet pairs, W/Z pairs, or photon pairs. A potentially novel signature,
which could be currently searched for at the Tevatron, arises in the form of two b-tagged jets
plus diphoton events. Contrary to the models of [45, 46, 47], the branching ratio to bb¯γγ
in our model can be O(1), since the bb¯ and γγ final states originate in different resonances,
leading to a potentially discoverable signal despite the background of 2j + 2γ. Altogether,
these signatures provide an interesting opportunity to search for new physics at the Tevatron
and at the LHC, which motivates further theoretical and experimental study.
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A Computation of L(6)eff
Definitions
In the following the momenta of the initial gluons (p1, p2) and final Higgs bosons (k1, k2) are
all chosen to be incoming. We make use of the following invariants
s = (p1 + p2)
2 t = (p1 + k4)
2 u = (p1 + k3)
2 (A-1)
obeying the condition
s+ t+ u = k23 + k
2
4 (A-2)
where we have assumed that the gluons are massless, p21 = p
2
2 = 0.
Pasarino-Veltman functions C0 and D0
The computation of the Feynman graphs is performed using the Passarino-Veltman decom-
position of the one-loop tensor integrals [48]. For our results below we will make use of the 3
and 4 point scalar functions C0 and D0. The explicit expressions are rather lengthy and have
to be handled numerically. However, one can derive an integral representation
C0(r1, r2, s,M1,M2,M3) =
∫ 1
0
∫ x
0
[−r2x2 − r1y2 + (−s + r1 + r2)xy+
+(M3 −M2 + r2)x+ (M2 −M1 + s− r2)y −M3]−1 dydx (A-3)
D0(r1, r2, r3, r4, s, t,M1,M2,M3,M4) =
∫ 1
0
∫ x
0
∫ y
0
[−r3x2 − r2y2 − r1z2+
+(−t+ r1 + r4)xy + (s+ t− r2 − r4)xz + (−s+ r1 + r2)yz + (M4 −M3 + r3)x+
+ (M3 −M2 + t− r3)y + (M2 −M1 + r4 − t)z −M4]−2 dz dy dx (A-4)
Fermion loop
The amplitude for the fusion of two massless v-gluons into a pair of Higgs boson fields arises
at lowest order in perturbation theory from a loop of heavy particles. The relevant graphs are
depicted in figure 8. We assume that there is a pair of vector-like fermion fields, a doublet
and a singlet of SU(2)L, transforming under the fundamental representation of SU(nv). The
doublet and singlet have masses M and m, respectively. Gauge invariance constrains the
amplitude to be
M = y
2g2v
8π2
(pν1p
µ
2 − p1 · p2gµν)F ǫ1µǫ2νδab + · · · (A-5)
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Figure 8: Graphs contributing to gg → HH
where ǫ1µ, ǫ
2
µ are the polarization vectors of the incoming v-gluons. The form factor F is given
by:
F = f(s, t, u, k
2
3, k
2
4, m,M) + f(s, t, u, k
2
4, k
2
3, m,M) + (M ↔ m) (A-6)
where
f(s, t, u, k23, k
2
4, m,M) =
− 1
s2
(k23+k
2
4−2(M+m)2)
[
(k24 − u)C0(0, k24, u,M2,M2, m2) + (k24 − t)C0(0, k24, t,m2, m2,M2)
+(k23 − u)C0(0, u, k23, m2, m2,M2) + (k23 − t)C0(0, t, k23, u,M2,M2, m2)
]
+ 8
m2
s
C0(0, 0, s,m
2, m2, m2)
− 2m
2
s
(−2(m+M)2 + k23 + k24 +
M
m
s)
[
D0(0, 0, k
2
3, k
2
4, s, t,m
2, m2, m2,M2)
+D0(0, 0, k
2
4, k
2
3, s, u,m
2, m2, m2,M2)
]
+
1
s2
(
2m4s+ 4m3Ms +m2(s(4M2 − k24) + 2k33k24 − k23(2k24 + s)) + 2mM(2M2s− 2k23(k24 − t)
+2k24t− s2 − 2st− 2t2) + (2M2 − k23 − k24)(sM2 + k33k24 − k23k24)
+s(2m2 + 2M2 − k23 − k24)p2t
)
D0(0, k
2
4, 0, k
2
3, t, u,m
2, m2,M2,M2) + 4 (A-7)
with pt = 2(p1k3)(p2k3)/(p1p2)− k23.
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Large fermion mass limit and effective Lagrangian
The form factor can be evaluated by taking the limit M,m ≫ s, t, u, k23, k24. At leading order
in the mass splitting of the heavy fermions M ≈ m, the form factor reads
F =
8
3Mm
+O(s/M2). (A-8)
The matrix element for gagb → HH can be obtained in perturbation theory from the following
non-renormalizable interaction
L(6)eff =
y2αv
3πMm
H†Htr FµνFµν . (A-9)
B Classification of v-sector operators
The classification of the operators O(d)v in terms of irreducible representations of the Lorentz
group was carried out in [28]. (See also [11] for a review.) In this appendix we summarize the
operators which are relevant for our work. Here S, P , T , L and Ω(1,2) label the decomposition
of each operator O(d)v into irreducible representations of the Lorentz group. Their expressions
are shown in tables 5 and 6 along with the JPC states that each operator can create acting on
the vacuum. From now on, we denote the operators Oξv, where ξ runs over different irreducible
Operator Oξv JPC
S = tr FµνFµν 0++
P = tr FµνF˜µν 0−+
Tαβ = tr FαλF λβ − 14 gαβS 2++, 1−+, 0++
Lµναβ = tr FµνFαβ − 12 (gµαTνβ + gνβTµα − gµβTνα − gναTµβ) 2++, 2−+
− 1
12
(gµαgνβ − gµβgνα)S + 112 ǫµναβP
Table 5: The dimension d = 4 operators, and the states that can be created by these operators [28].
We denote F˜µν = 12 ǫµναβFαβ .
operators ξ = S, P, T, L, · · · .
Operator Oξv JPC
Ω
(1)
µν = tr FµνFαβFαβ 1−−, 1+−
Ω
(2)
µν = tr FαµFβαFβν 1−−, 1+−
Table 6: The important d = 6 operators. The states that can be created by these operators are
shown [28].
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C The form factors M(i)JJ ′
In addition to the momenta p and q, we introduce a pair of tensors ǫµ1,··· ,µJ (p) and ǫ˜µ1,··· ,µJ′ (q)
to represent the polarizations of the spin-J and spin-J’ states respectively. It will be convenient
to define ”reduced” polarization tensors by contracting some of the indices with the vectors p
and q,
ǫµ1,··· ,µJ−K (p) = ǫµ1,··· ,µJ (p)q
µJ−K+1 · · · qµJ ǫ˜µ1,··· ,µJ′−K′ (q) = ǫ˜µ1,··· ,µJ (q)pµJ′−K′+1 · · · pµJ′ .
(A-10)
The invariant form factors are constructed from the reduced polarization tensors and the
vectors p and q. For the simplest J → 0 case, the only form factor is obtained when all the
indices of the polarization tensor are fully contracted with q,
ǫ(p) = ǫµ1,··· ,µJ (p) q
µ0 · · · qµJ . (A-11)
This gives the matrix element
〈0, q|S|J, p〉 = MS
0J
ǫµ1,··· ,µJ (p) q
µ0 · · · qµJ (A-12)
where nowMS
0J
is the transition matrix which depends on the transferred momentum. For the
more complex J → J ′ = 1 case, there are two form factors parametrizing the matrix element,
ǫµ,µ2··· ,µJ (p) q
µ2 · · · qµJ ǫ˜µ(q), ǫµ1,µ2··· ,µJ (p) qµ1 · · · qµJ ǫ˜ν(q) pν. (A-13)
In the reduced notation, these are simply ǫµ ǫ˜
µ = and ǫ ǫ˜. In addition, we can contract the
polarization tensors with a Levi-Civita tensor as follows,
ǫµνρσǫµ(p) pρ qσ ǫ˜ν(q) = ǫ
µνρσǫµ,µ2··· ,µJ (p) q
µ2 · · · qµJ pρ qσ ǫ˜ν(q) (A-14)
Collecting all terms, we obtain the following matrix element
〈1, q|S|J, p〉 =MS
1J
ǫµ,µ2··· ,µJ (p) q
µ2 · · · qµJ ǫ˜µ(q) +MS′
1J
ǫµ1,µ2··· ,µJ (p) q
µ1 · · · qµJ ǫ˜ν(q) pν+
MS
′′
1J
ǫµνρσǫµ,µ2··· ,µJ (p) q
µ2 · · · qµJ pρ qσ ǫ˜ν(q) (A-15)
We next turn to the more complicated matrix element for the J → J ′ = 2 transition.
Firstly, we define the auxiliary tensors
ǫµν(p) = ǫµ,ν,µ3··· ,µJ (p) q
µ3 · · · qµJ , ǫµ(p) = ǫµ,µ2··· ,µJ (p) qµ2 · · · qµJ (A-16)
and
ǫ˜µ(q) = ǫ˜µν(q) p
ν. (A-17)
From ǫµν(p), ǫµ(p), ǫ˜µν(q) and ǫ˜µ(q) we can form the following three invariants
ǫµν(p) ǫ˜µν(q), ǫµ(p) ǫ˜µ(q), (ǫµ(p) q
µ) (ǫ˜ν(q) p
ν) (A-18)
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In addition, contracting with the Levi-Civita tensor gives two more invariants,
ǫµνρσǫµ(p) pρ qσ ǫ˜ν(q), ǫ
µνρσǫµλ(p) pρ qσ ǫ˜
λ
ν (q). (A-19)
Therefore, there are five form factors in the J → J ′ = 2 case. The general rule to find all the
form factors in the case J → J ′ case is now clear. Without loss of generality we can assume
J > J ′. First we construct the reduced spin-J tensor with J ′ indices,
ǫµ1,··· ,µJ′ (p) = ǫµ1,··· ,µJ (p)q
µJ−J′ · · · qµJ (A-20)
so that we have two tensors with J ′ indices. Then we form the invariants
ǫµ1,··· ,µJ′ (p)ǫ˜
µ1,···µJ′ (q), · · · , ǫµ(p) ǫ˜µ(q), ǫ(p) ǫ˜(q), (A-21)
for a total of J ′+1 invariant form factors. Secondly, there are contractions with the Levi-Civita
tensor as follows
ǫµνρσp
ρqσǫµ,µ2,··· ,µJ′ (p)ǫ˜
νµ2,···µJ′ (q), · · · , ǫµνρσpρqσǫµ(p) ǫ˜ν(q) (A-22)
giving J ′ additional invariants. Hence, the total number of Lorentz invariant form factors is
2J ′ + 1 for the transitions J → J ′, J ′ < J . To see that this contemplate all the possibilities,
we can apply angular momentum counting rules. By composing the spin J and spin J ′ states
we obtain total spin |J − J ′|, · · · , J + J ′. For a scalar operator, these have to be combined
with total angular momentum L = |J − J ′|, · · · , J + J ′ in order to give total spin 0. So for
J ′ < J we get 2J ′ + 1 form factors associated with the different values of L.
i 1 2 3 4 5
M(2,i)αβρσ gαρ gβσ gαρ qˆβ pˆσ qˆαpˆρ qˆβ pˆσ gβρ ǫασzw pˆz qˆw qˆβ pˆρ ǫασzw pˆz qˆw
M(1,i)αρ gαρ qα pˆρ ǫαρzw pˆ zqˆw - -
Table 7: The auxiliary tensors M(J,i). Here qˆα = qα/
√
q2 and pˆα = pα/
√
p2.
To summarize, we show the matrix elements up to spin 3 that are needed to compute the
decays of the v-glueballs in figure 1. In terms of the auxiliary tensors shown in table 7, the
matrix elements read,
M(i)32 = qˆγ ǫαβγ(p) ǫ˜ ρσ(q)M(2,i)αβρσ (A-23)
M(i)31 = qˆγ qˆβ ǫαβγ(p) ǫ˜ ρ(q)M(1,i)αρ (A-24)
M30 = qˆα qˆβ qˆγ ǫαβγ(p) (A-25)
M(i)22 = ǫαβ(p) ǫ˜ ρσ(q)M(2,i)αβρσ (A-26)
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M(i)21 = qˆβ ǫαβ(p) ǫ˜ ρ(q)M(1,i)αρ (A-27)
M20 = qˆα qˆβ ǫαβ(p) (A-28)
M(i)11 = ǫα(p) ǫ˜ ρ(q)M(1,i)αρ (A-29)
M10 = qˆα ǫα(p) (A-30)
where we denote qˆα = qα/
√
q2. For the sake of brevity, we have not shown the seven matrix
elements that correspond to the 3→ 3 transition. These can be obtained along the same line
that led to (A-23)-(A-30).
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